Research on retrofitting reinforced concrete ͑RC͒ beams and slabs using externally bonded ͑EB͒ fiber reinforced polymer ͑FRP͒ or steel plates has reached the stage where the flexural strength can be determined with confidence. Research has also shown that EB plated structures tend to debond at relatively low strains and to such an extent that guidelines often preclude moment redistribution which can severely restrict the use of plating. However, recent research on retrofitting using FRP and steel near surface mounted plates ͑NSM͒ has shown that NSM plates tend to debond at high strains which can allow substantial amounts of moment redistribution. A moment redistribution approach has been developed for both NSM and EB plated beams that allows for the wide range of debonding strains that can occur. This allows RC beams to be retrofitted for both strength and ductility which should help expand the use of this convenient and inexpensive form of retrofitting.
Introduction
The member ductility design of reinforced concrete ͑RC͒ continuous beams or frames often uses the plastic hinge concept ͑Barnard 1964; Darvall and Mendis 1985͒ and the neutral axis depth factor ͑k u ͒, which is common to most national standards, to quantify both collapse and the associated ability to redistribute moment within a continuous beam prior to collapse. These approaches work well in unplated reinforced concrete structures as the material ductility of the steel tension reinforcing bars, that is their strain capacity, can be assumed to be very large which ensures that compressive crushing of the concrete, at an often specified strain c , always controls failure of the beam ͑Oehlers et al. 2004a͒ . Also inherent in these approaches is that the sectional moment/curvature ͑M / ͒ relationship, that is the sectional ductility, has a horizontal plateau ͑Oehlers et al. 2004a͒ which is idealized as the M / relation O-A-C in Fig. 1 .
Near surface mounted ͑NSM͒ steel plated beams, such as Fig. 2͑a͒ , can be designed so that concrete crushing precedes debonding ͑Liu et al. 2006͒ and as the NSM plates can yield, the idealized M / relationship O-A-C in Fig. 1 applies; hence, the existing procedures for RC beams ͑plastic hinge and k u approaches͒ can be applied if required. However, externally bonded ͑EB͒ steel plates, such as illustrated by Fig. 2͑b͒ , generally debond well before the concrete crushes such as at point B in Fig. 1 . In contrast, NSM fiber reinforced polymer ͑FRP͒ plated sections have a rising plateau, such as A-F. As with EB steel plates, EB FRP plates tend to debond prematurely at point D.
Furthermore, NSM FRP plates may fracture at point E or debond at point D before the concrete crushes. Hence, the existing plastic hinge and k u approaches may be considered as unsuitable for most plating techniques.
The present research on EB and NSM plated structures has been focused mainly on the bond behavior at the plate/ concrete interfaces ͑Chen and Teng 2001; Yuan et al. 2001; De Lorenzis and Nanni 2002; Hassan and Rizkalla 2003͒ , and on the different debonding behaviors ͑Teng et al. Oehlers and Seracino 2004͒ with a lack of research on the moment redistribution behavior of continuous plated members. Researchers ͑Mukhopadhyaya et al. 1998; El-Refaie et al. 2003͒ have developed different indexes to measure the ductility of beams with external reinforcement, but none of which can be used to quantify moment redistribution of continuous plated structures. Furthermore, the existing design guidelines ͑Concrete Society 2000; International Federation for Structural Concrete 2001͒ tend to neglect any moment redistribution occurring in plated structures. However, tests carried out by Oehlers et al. ͑2004a͒, Liu et al. ͑2006͒, Mukhopadhyaya et al. ͑1998͒, El-Refaie et al. ͑2003͒, and Ashour et al. ͑2004͒ clearly show that significant amounts of moment redistribution can be obtained in both EB and NSM plated beams. Therefore, new approaches are required to analyze the moment redistribution behavior of continuous plated members that takes into account premature debonding failure prior to concrete crushing.
In this paper, a procedure, referred to as the linear flexural rigidity ͑EI͒ approach, is developed for determining the moment redistribution capacity for the full range of debonding strains associated with steel and FRP and EB and NSM plates, so that the designer can choose the appropriate plating technique for a specific region. For example, where ductility is required in a region to redistribute moment then steel or FRP NSM plates may be chosen depending on the amount of rotation required. In contrast, in other regions where moment is not required to be redistributed then EB plates could be used.
Linear Flexural Rigidity Approach
An approach, known as the flexural rigidity approach, was developed in previous research ͑Oehlers et al. 2004b͒ to quantify the amount of moment redistribution that can occur in steel or FRP EB plated beams that debond prior to concrete crushing. This approach allows for the variations in the flexural rigidity EI along the beam by assuming that EI of the hogging or negative ͑Ϫve͒ region EI hog is different from that of the sagging or positive ͑ϩve͒ region EI sag , but with the EI being constant within each of the hogging ͑Ϫve͒ and sagging ͑ϩve͒ regions. Although this approach was found to give good estimations of the amount of moment redistribution for EB plated beams, the accuracy of the model can vary when applied to NSM beams where the plate strains reached are found to be much higher than that achieved by EB plated beams ͑Oehlers et al. 2004a ; . Due to the assumption of constant flexural rigidities within the sagging ͑ϩve͒ and hogging ͑Ϫve͒ regions, this approach tends to underestimate the actual flexural rigidity along the region of the beam redistributing moment. In the following linear EI approach, the flexural rigidity approach has been modified to allow for the variation in EI along the beam. This new approach gives a better representation of the moment redistribution behavior of plated beams and also can be applied to beams with different failure modes such as premature plate debonding or concrete crushing failure.
The linear EI approach is illustrated in Fig. 3 for an encastre plated beam with a point load at midspan. The distribution of the true flexural rigidities along the length of the beam is an extremely complex problem as it depends on the distribution of flexural cracks and on the partial interaction behavior between the reinforcing bars and the concrete and between the plate and the concrete ͑Liu 2006; Oehlers et al. 2005͒ . However, it is not necessary to determine the true distribution of EI in order to determine moment redistribution, but it is necessary to determine the relative differences between the flexural rigidities in the hogging ͑Ϫve͒ and sagging ͑ϩve͒ regions as this controls moment redistribution ͑Oehlers et al. 2004b͒. For mathematical convenience, it is assumed that the variation in the flexural rigidity within a region ͓that is within a hogging ͑Ϫve͒ or sagging ͑ϩve͒ region͔ is linear as shown in Fig. 3͑c͒ as it will be shown that this linear EI variation: allows closed form solutions; allows the variation in flexural rigidities to be fixed by two flexural rigidities that can be conveniently determined from full interaction analyses; and most importantly gives good correlation with test results. The encastre plated RC beam in Fig. 3͑a͒ has the linear variation in moment in Fig. 3͑b͒ . Each region, H-C and C-S, is treated separately and each is bounded by a point of contraflexure ͑poc͒ where the moment is zero, and the position of maximum moment where the moment is M hinge . The length of each region depends on the hogging ͑Ϫve͒ and sagging ͑ϩve͒ moment ratio. The flexural rigidity varies linearly as in Fig. 3͑c͒ being at a maximum at the point of contraflexure EI poc and a minimum at the position of maximum moment EI hinge .
A stiffness analysis program could be used to distribute the flexural rigidity according to Fig. 3͑c͒ in order to determine the amount of moment redistribution. An alternative approach is to determine an equivalent EI eq that is constant over a region as in Fig. 3͑d͒ but which provides the region with the same rotation capacity. Dividing the linear distribution of moment in Fig. 3͑b͒ by the linear variation in flexural rigidity in Fig. 3͑c͒ gives the distribution of curvature in Fig. 3͑e͒ where it can be seen that the curvature increases rapidly toward the hinge as occurs in practice. The area of the curvature distribution is the relative rotation between the hinge and the point of contraflexure that is the rotation capacity. Dividing the linear moment distribution in Fig. 3͑b͒ with the constant flexural rigidity in Fig. 3͑d͒ gives the variation in curvature in Fig. 3͑f͒ . Equating the hinge rotation in Fig. 3͑e͒ with that in Fig. 3͑f͒ gives the following equivalent EI eq for use in Fig. 3͑d͒ that has the same rotational capacity as the variation in EI in Fig. 3͑c͒ :
where when EI hinge → EI poc then EI hinge = EI poc . The equivalent constant flexural rigidities for the hogging ͑Ϫve͒ region ͑EI eq ͒ hog and for the sagging ͑ϩve͒ region ͑EI eq ͒ sag can be derived using Eq. ͑1͒. It is worth emphasizing that this distribution of EI is not meant to represent the general behavior, such as would be required for determining the deflection, but it is only meant to represent moment redistribution where the differences in EI between regions affect the amount of moment redistributed. A stiffness analysis software package, with two elements of stiffness EI 1 and EI 2 , can be used to find a solution to the beam in Fig. 3 ; an iterative procedure is required to adjust the length of each element, by varying the length of the hogging ͑Ϫve͒ region x, until the point of contraflexure ͑poc͒ also occurs at distance x ͑Oehlers et al. 2004b͒.
Alternatively, an elastic solution ͑for the beam in Fig. 3 with two flexural rigidities and a single concentrated load at midspan͒ can be derived using the force method and conjugate beam theory as given by Eqs. ͑2͒ and ͑3͒; this can be used in an iterative analysis to determine the position x where for an applied load P a considered ͑M hinge ͒ hog is iterated until P from Eq. ͑3͒ agrees with P a considered
where EI 1 = ͑EI eq ͒ sag and EI 2 = ͑EI eq ͒ hog . As an example of the iterative approach: for a fixed applied load P a and the associated static moment PL/4 in Fig. 3͑b͒ , the maximum hogging ͑Ϫve͒ moment ͑M hinge ͒ hog could be estimated or guessed; at ͑M hinge ͒ hog , ͑M hinge ͒ sag , and at the point of contraflexure, the full interaction EIs can be determined from the M / response such as in Fig. 1 ; the position of the point of contraflexure x can be determined using Eq. ͑2͒; inserting this value of x and the calculated equivalent EIs from Eq. ͑1͒ into Eq. ͑3͒ would give a value for P; if P P a then ͑M hinge ͒ hog would be adjusted until P from Eq. ͑3͒ equalled the fixed value P a . For the case of an encastre beam as in Fig. 3 but subjected to uniformly distributed loads w, the rotation C/H between the position of maximum moment in the hogging ͑Ϫve͒ region and the point of contraflexure, and the equivalent EI for the hogging ͑Ϫve͒ region ͑EI eq ͒ hog are given by the following equations, respectively:
The rotation S/C and the equivalent EI for the sagging ͑ϩve͒ region can be calculated using Eqs. ͑6͒ and ͑7͒, respectively
͑7͒
An elastic solution for this continuous beam under a uniformly distributed load can be derived using the force method and Castigliano's theorem where the length of the hogging ͑Ϫve͒ regions x and the applied uniformly distributed load w can be evaluated using Eqs. ͑8͒ and ͑9͒, respectively, where EI 1 = ͑EI eq ͒ sag and EI 2 = ͑EI eq ͒ hog . An iterative procedure is involved where for an applied load w a considered, ͑M hinge ͒ hog is iterated until w a equals that calculated from Eq. ͑9͒
Modeling Test Specimens
To verify the accuracy of the proposed model, analyses were carried out on 16 two span near full scale test beams, in which seven beams were externally bonded with steel or carbon-FRP ͑CFRP͒ plates ͑Oehlers et al. 2004a͒ and the remaining nine beams were near surface mounted with CFRP or steel strips ͑Liu et al. 2006͒. All the test specimens had plates applied on the tension face over the hogging ͑Ϫve͒ region, except for Specimen NBគF1, where CFRP strips were placed on the sides, while the sagging ͑ϩve͒ region remained unplated. The two span test specimens were continuous over the central support and symmetrically loaded so that they behaved as propped cantilevers about the line of symmetry as in Fig. 4 . The linear EI approach has been derived below for this configuration.
To apply the linear EI approach to the test specimens, the propped cantilever shown in Fig. 4 is divided into three regions: C-H, C-S, and S-B. Eq. ͑1͒ is used to determine the equivalent EIs at each of these regions by inserting the relevant EI poc and EI hinge shown in Fig. 4͑b͒ for the region considered. In the analysis, EI poc is taken as the flexural rigidity of the cracked section EI cr when the maximum moment M hinge within the region analyzed is greater than or equal to the cracking moment M cr . When M hinge Ͻ M cr , then EI poc is fixed at the uncracked flexural stiffness EI g .
To perform a flexural rigidity analysis of a beam with two EI values, the equivalent flexural rigidities in region C-S in Fig. 4͑b͒ ͑EI eq ͒ C/S and in region B-S ͑EI eq ͒ B/S derived from Eq. ͑1͒ are replaced by an equivalent constant EI over the sagging ͑ϩve͒ region ͑EI eq ͒ sag in Fig. 4͑c͒ using the following equation; this was derived by ensuring that the rotations in the sagging ͑ϩve͒ region obtained from the linear variation in EI in Fig. 4͑b͒ and from the constant EI in Fig. 4͑c͒ are the same as shown in Figs. 4͑d and e͒
The equivalent EI for the hogging ͑Ϫve͒ region ͑EI eq ͒ hog in Fig. 4͑c͒ is still given by Eq. ͑1͒. Having determined the equivalent flexural rigidities for both the hogging ͑Ϫve͒ ͑EI eq ͒ hog and the sagging ͑ϩve͒ ͑EI eq ͒ sag regions, iterative analyses can be carried out using Eqs. ͑11͒-͑14͒ to determine the moment redistribution of the beam at various applied loads P
where a = distance from the exterior support ͑point B in Fig. 4͒ to the applied load P, EI 1 = ͑EI eq ͒ sag , and EI 2 = ͑EI eq ͒ hog . For the test specimens, the point load was applied at midspan so that a = L / 2 and, hence, Eqs. ͑11͒ and ͑12͒ can be simplified to
͑14͒

Test Data
Results
Linear EI analyses were carried out on EB or NSM plated test beams from initial loading up to failure. This allowed the percentage of moment redistribution to be calculated at different stages of loading and compared with that measured experimentally in order to verify the proposed model over a very wide full range of plate strains. The test specimens ͑Oehlers et al. 2004a; were designed so that moment was always redistributed from the hogging ͑Ϫve͒ plated region to the sagging ͑ϩve͒ unplated region, and the experimental moments in the statically indeterminate beams were measured directly by placing a load cell under one of the supports. Table 1 , where it can be seen that for EB CFRP plated beams, c.max are very low ranging from 0.0005 to 0.0008, which suggests that these sections were still pseudoelastic, i.e., a plastic hinge did not form. In contrast for the NSM plated beams, much higher concrete strains c.max are achieved ranging from 0.0025 to 0.0052, which indicates that concrete crushing may have taken place in the hogging ͑Ϫve͒ regions.
The equivalent flexural rigidities of the hogging ͑Ϫve͒ region ͑EI eq ͒ hog at p.max are compared with those at yield of the reinforcing bars EI yield in Column 7 of Table 1 . The percentage of total moment redistribution %MR tot at p.max is given in Column 8. Also shown in Table 1 in Columns 9-12 are the p.max , c.max , ͑EI eq ͒ hog / ͑EI͒ yield , and %MR tot of the beams when the maximum percentage of moment redistribution %MR tot was achieved. For all the test beams with EB plates, the maximum %MR tot was reached upon failure of the beam. However for the beams with NSM plates, except for Specimens NSគS1, NSគS2, and NSគF4, the maximum %MR tot was reached prior to failure of the beams. This was because for the NSM beams, major concrete crushing was observed in the sagging ͑ϩve͒ region near the applied load, eventually causing reductions in the sagging ͑ϩve͒ moments as the region weakened, hence resulting in an increase in the hogging ͑Ϫve͒ moments which meant that there was less redistribution in moments. 
Moment Redistribution While Loading
Typical Behaviors
Linear EI analyses were carried out on the EB and NSM test specimens. Examples are shown in Figs. 5-8 for Specimen SS2 which had a steel plate externally bonded to the tension face of the beam over the hogging ͑Ϫve͒ region. Fig. 5 gives the moment-curvature relationships of the hogging ͑Ϫve͒ and sagging ͑ϩve͒ sections based on full interaction analyses, which is required for the EIs in the linear EI approach. Fig. 6 shows the variation of the ratio of maximum hogging ͑Ϫve͒ to sagging ͑ϩve͒ moments ͑M hinge ͒ hog / ͑M hinge ͒ sag ͑which is a measure of moment redistribution͒ as the load is increased which is shown as M static / ͑M static ͒ ult , where M static = PL/ 4 and ͑M static ͒ ult is the theoretical static moment at which ultimate flexural capacities are reached at both the maximum hogging ͑Ϫve͒ and sagging ͑ϩve͒ positions. The line at ͑M hinge ͒ hog / ͑M hinge ͒ sag = 1.2 represents the elastic distribution as it is based on the flexural rigidity EI being constant along the beam. It can be seen in Fig. 6 that the model reasonably predicts the behavior of the beam over the full range from first loading to plate debonding.
Moment redistribution can be defined ͑Oehlers et al. 2004a͒ as the change in the moment from that when the flexural rigidity of the beam is the same throughout its length, that is
where for a given applied load and hence applied static moment M static , the hogging ͑Ϫve͒ moment ͑M hog ͒ EI.const is derived from an elastic analysis where EI = constant and ͑M hog ͒ test = hogging ͑Ϫve͒ moment in the test when the same M static was applied. Fig.  7 illustrates the variation of the total moment redistribution %MR tot , as given by Eq. ͑15͒ with M static . It can be seen again that good correlation exists between the analyses and the test results, with greater error at the initial stages of loading as the beam is still settling or bedding down. Fig. 8 is the maximum moment in the hogging ͑Ϫve͒ region ͑M hinge ͒ hog for various M static . It can be seen in Fig. 8 that as moment is redistributed after flexural cracking occurs, the moment obtained is significantly less than that given by the 
Comparison of All Test Specimens
A comparison between the test results and the proposed model is summarized in Figs. 11 and 12 for all specimens with EB plates, and in Figs. 13 and 14 for those with NSM strips. The y axis, the hogging ͑-ve͒ to sagging ͑ϩve͒ moment ratios, is a measure of the experimental to theoretical moment redistribution. Good correlations can be found for all the tests with less than 20% errors for both EB and NSM specimens. It is also worth noting that values in Figs. 11-14 that are less than one or unity signify a conservative or safe analysis as the linear EI approach is underestimating the ability to redistribute moment. From Figs. 11 and 13 it can be seen that the proposed model can be applied to beams where premature debonding occurs at low M static / ͑M static ͒ ult as in Fig. 11 , as well as for beams that failed when concrete crushing occurred, that is when M static / ͑M static ͒ ult is close to 1 as shown in Fig. 13 . This shows that, unlike the hinge approach which requires concrete crushing to occur, the proposed model can be applied to beams subjected to any form of failure. Comparing Figs. 11 and 13 it can be seen that most of the NSM specimens achieved or were close to achieving the ultimate static moments, that is the ultimate capacities were reached in both the hogging ͑-ve͒ and sagging ͑ϩve͒ regions. In contrast, specimens with EB plates mostly failed prematurely at M static / ͑M static ͒ ult between 0.47 and 0.8, except for Specimen SS3 where premature plate debonding failure did not occur.
Figs. 12 and 14 show that the proposed model gives good correlation with the test results for a very wide range of plate strains; ranging from 0.0020 to 0.0144 for externally bonded plates ͑Fig. 12͒, and from 0.0022 to 0.0418 for NSM strips ͑Fig. 14͒. For beams with EB plates the average coefficient of variation in Fig. 12 was 0.06 with a mean of 0.93, while for NSM plate beams in Fig. 14 the coefficient of variation was 0.03 with a mean of 0.99. The proposed model tends to give slightly better predictions for beams with NSM strips. As the means are slightly below one, the linear EI approach is on the safe or conservative side.
The maximum moment in the hogging ͑-ve͒ region ͑M hinge ͒ hog and the percentage of total moment redistribution %MR tot obtained from tests and from the proposed model, are compared in Figs. 15 and 16, respectively for EB plate specimens, and in Figs. 17 and 18 for NSM plate specimens. In these cases, values above the lines are on the safe side. Fig. 15 shows that there is good correlation between the test and the theoretical ͑M hinge ͒ hog for EB plated beams. However any small error in Fig. 15 is magnified to appear to be a large error in the percentage moment redistribution in Fig. 16 as we are dealing with small magnitudes of moment. There is a very good correlation between the test and the theoretical %MR tot for NSM plated beams in Figs. 17 and 18.
Elastic and Plastic Moment Redistribution
The total moment redistribution in Eq. ͑15͒ can be considered to consist of two components: an elastic moment redistribution component ͑Oehlers et al. 2004b͒ due to the difference between the elastic flexural rigidities of the hogging ͑-ve͒ and sagging ͑ϩve͒ regions such as ͑EI cr ͒ sag and ͑EI cr ͒ hog in Fig. 5 ; and a plastic moment redistribution component ͑Oehlers et al. 2004b͒ due to the reduction in flexural rigidity along the horizontal or rising plateau in Fig. 5 such as at ͑EI db ͒ hog . The plastic moment redistribution component is given by the following relationship:
where for a given applied load and hence applied static moment M static , the hogging ͑-ve͒ moment ͑M hog ͒ EI.varied is the hogging ͑-ve͒ moment when the hogging ͑-ve͒ region has the elastic flexural rigidity of the cracked ͑in this case plated͒ section ͑EI cr ͒ hog as in Fig. 5 , and the sagging ͑ϩve͒ region has the flexural rigidity of the cracked ͑in this case unplated͒ section ͑EI cr ͒ sag as in Fig. 5 . Hence, the plastic moment redistribution M plas is due to the ductile plateau; it is due to the equivalent flexural rigidity of the hogging ͑-ve͒ region reducing as the hogging ͑-ve͒ curvature moves along the ductile plateau. Eq. ͑16͒ was applied to the analysis of the test specimens to determine the amount of MR plas that occurs. Table 2 gives a summary of the total %MR tot , elastic %MR elas , and plastic %MR plas for the test specimens when maximum plate strains are obtained and also when maximum moment redistribution %MR max occurred ͑where %MR elas is given by the difference between %MR tot and %MR plas ͒. The results are plotted in Figs. 19 and 20 . From a comparison of Figs. 19 and 20 it can be seen that much of the moment redistribution in the FRP plated beams was due to elastic moment redistribution, whereas the converse is true for steel plated beams. It is also worth noting in Fig. 20 that NSM FRP plated beams can achieve substantial plastic moment redistribution although not at the same level as NSM steel plated beams.
All the test specimens with NSM strips in Table 2 , except for NSគF1 ͑where a lot of CFRP strips were used causing an overreinforced section͒, achieved more than 30% total moment redistribution, which is the maximum allowable in design guidelines. For the NS test series with NSM steel or CFRP strips, large amounts of plastic %MR were present varying from 3 to 18% for CFRP and from 19 to 28% for the beams with steel strips. Even though large amounts of %MR tot were obtained for the specimens in the NB test series, only small percentages are caused by the plastic moment redistribution component as can be seen in Table  2 and Fig. 20 . This is due to the heavily reinforced sagging ͑ϩve͒ regions of the beams in this test series such that most of the moment redistribution is caused by the difference in flexural rigidities of the hogging ͑Ϫve͒ and sagging ͑ϩve͒ sections.
Although the beams with NSM CFRP strips achieved similar %MR tot as the beams with EB CFRP plates, as shown in Table 2 , significant amounts of %MR plas were obtained in the NSM CFRP beams, whereas for specimens with EB CFRP plates very little %MR plas is found in Fig. 20 . This indicates that for the EB CFRP plated beams, moment redistribution is mainly caused by the variation in flexural rigidities along the beam due to the different reinforcement in the hogging ͑Ϫve͒ and sagging ͑ϩve͒ region, which is the elastic moment redistribution shown in Fig. 19 . This can also be observed from the ͑EI eq ͒ hog / ͑EI͒ yield given in Table 1 , where for test beams with externally bonded CFRP plates, ͑EI eq ͒ hog is approximately equal to ͑EI͒ yield , except for Specimen SF4 where only three layers of CFRP fibers were applied to the beams. This indicates that most of the EB CFRP plated beams failed by premature debonding before bars yielded, such that there is a minimal amount of plastic moment redistribution. For beams externally bonded with steel plates, all beams failed after the plated yielded and, apart from Specimen SS1 where intermediate crack debonding failure occurred prior to bar yield, failure occurred after bars yielded as shown by ͑EI hog ͒ eq / EI yield in Table 1 . This resulted in many more ductile failures and more moments being redistributed than the externally bonded CFRP plated beams. For the test specimens with NSM steel or CFRP strips, ͑EI eq ͒ hog is less than ͑EI͒ yield for all the beams as shown in Table 1 , i.e., bars have yielded at failure, except for Specimen NSគF1 where a large quantity of CFRP strips are used. Therefore significant amounts of plastic moment redistributions were obtained in the NSM specimens.
Conclusions
As plated beams can fail by debonding prior to concrete crushing, a new moment redistribution model, the linear EI approach, has been developed that can determine the moment redistribution at any stage of loading and for any failure mechanism. The linear EI model is based on the relative variation in stiffness between the hogging ͑Ϫve͒ and sagging ͑ϩve͒ regions. This model has been verified with seven continuous beams with externally bonded CFRP or steel plates and nine continuous beams with near surface mounted CFRP or steel strips, and all showed good correlations with the test results. Unlike the classical hinge approach which requires concrete crushing to occur, the proposed model can be applied to beams with any failure mode, and hence allows for the premature debonding failure that often occurs in externally plated structures. From analyses of experimental results ͑Liu et al. 2006͒, it is found that NSM plating systems with steel or CFRP strips are much more ductile than the EB plating systems, allowing significant amounts of moment redistribution to be achieved, which should now allow structures to be plated for ductility as well as strength.
